In the transition metal dichalcogenide IrTe2, low-temperature charge-ordered phase transitions lead to the occurrence of stripe phases of different periodicities and nearly degenerate energies. Bulk-sensitive measurements have shown that, upon cooling, IrTe2 undergoes two such first-order phase transitions at Tc 1 = 270 K and Tc 2 = 180 K. Here, using surface sensitive probes of the electronic structure of IrTe2, we show that, in addition, another first-order transition occurs at the surface at Tc 3 = 165 K. By performing measurements over a full thermal cycle, we also reveal the complete hysteresis of all these phases.
Transition-metal dichalcogenides (TMDC) are layered quasi-two dimensional (2D) materials that have generated considerable interest in recent years due to the possibility of reducing their thickness down to the monolayer as well as to their particularly diverse optical and electronic properties despite their chemical simplicity [1] [2] [3] [4] . Additionally, TMDCs have been extensively studied for several decades, due to the occurence of phase transitions such as charge density waves (CDW) or superconductivity [5] [6] [7] at low temperatures. An open question is how these collective states evolve for thicknesses of a few layers at surfaces. Many recent examples have illustrated different behaviors in monolayers, namely an enhanced critical temperature for the CDW in TiSe 2 [8] , enhanced superconductivity in TaS 2 [9] , or a change in the symmetry of the CDW in VSe 2 [10] . In this context, the surface of IrTe 2 offers an exciting new platform for studying ordered phases in a quasi-2D material with large spin-orbit coupling on the transition metal site. A complex succession of charge-ordered phases involving the creation of Ir dimers [3, 11, 12] has been observed in IrTe 2 at low temperature, which gives way to superconductivity for thin samples [14] , after rapid cooling [15] or with Pt substitution [16] . IrTe 2 undergoes a first-order structural phase transition at T c1 = 270 K from a trigonal CdI 2 -type (P 3m1) unit cell to a monoclinic (P 1) unit cell accompanied by jumps in the resistivity and magnetic susceptibility [1, 17, 18, [20] [21] [22] [23] [24] . In this first low-temperature charge-ordered phase, one-dimensional stripes of Ir dimers with a strongly reduced bond length have been observed by x-ray diffraction and are described by a wave vector (5×1×5) [2, 11, 17, 21, [26] [27] [28] . At T c2 = 180 K, a second phase transition follows and the charge-ordering wave vector of this new low-temperature phase is (8 × 1 × 8) in the bulk of IrTe 2 . This has stimulated many scanning tunneling microscopy (STM) studies, which evidenced additional ordering patterns and revealed a surface (6 × 1) periodicity proposed to be the ground state reconstruction [12, 17, 26, 29] . A detailed low energy electron diffraction (LEED) and STM study observed in addition the coexistence of the surface (8×1) and (6 × 1) phases over a wide temperature range [30] . It was stressed that this coexistence of phases of nearly degenerate energies and of different stripe periodicities could be associated with the devil's staircase [12, 30] . Numerous angle-resolved photoelectron spectroscopy (ARPES) investigations have revealed large changes in the spectral weight of electronic states up to 2 eV below the Fermi level (E F ) at low temperatures, leading to severe band broadening [12, 17, 26, [29] [30] [31] . In parallel, x-ray photoemission spectroscopy (XPS) studies have identified a large splitting of the Ir 4f core level across the charge-ordered phase transitions into Ir +3 and Ir +4 mixed valence states [17, 32] . However, in all these surface-sensitive studies, a clear sequence of sharp transitions between the surface (5 × 1), (8 × 1) and (6 × 1) phases could not be unambiguously detected.
In this letter, we present a systematic temperaturedependent study of the electronic properties at the surface of IrTe 2 . Using XPS, we measure the evolution of the Ir dimer density upon cooling down to 30 K and warming back to room temperature by quantifying the Ir 4f core-level peak intensities. While we confirm the sharp first-order transition occurring at T c1 , we observe a more intricate behavior below T c2 at the surface. The (5 × 1) phase is replaced by the (8 × 1) phase that progressively changes into the (6 × 1) phase, indicating (6 × 1) domain growth at the expense of the (8 × 1) arXiv:1912.04516v1 [cond-mat.str-el] 10 Dec 2019 domains. However, our ARPES measurements reveal that a third first-order structural transition between the (8 × 1) and (6 × 1) phases occurs at T c3 = 165 K. This is based on the observation of a surface state at about 1 eV binding energy that is an excellent marker of the periodicity of the dominating phase, since its binding energy is dictated by the Ir dimer length, as supported by density functional theory (DFT) calculations. By analyzing both XPS and ARPES data over the full warming and cooling cycle, and combining them with LEED measurements, we are able to reconstruct the complete surface phase diagram of IrTe 2 with the hysteretic behavior of all (5×1), (8×1) and (6×1) phases.
Single crystals of IrTe 2 were grown using the selfflux method [1, 18] . They were characterized by magnetic susceptibility measurements and x-ray diffraction, which confirm that T c1 = 270 K and T c2 = 180 K. Samples were cleaved at room temperature in vacuum at a pressure of about 10 −8 mbar; during the photoemission measurements, the base pressure was better than 5 × 10 −11 mbar. XPS measurements were acquired at the PEARL beamline [33] of the Swiss Light Source. The total energy resolution was 190 meV. The temperature-dependent ARPES study was carried out using a Scienta DA30 photoelectron analyzer and monochromatized He I radiation as excitation source (hν = 21.22 eV). The total energy resolution was about 5 meV and the error on the sample temperature estimated to be 5 K. Small spot LEED with micron resolution (µLEED) data were obtained using a low energy electron microscopy (LEEM)/photoemission electron microscopy (PEEM)/LEED instrument (Elmitec GmbH). Samples were cleaved in ultra-high vacuum (1 × 10 −10 mbar). The aperture for LEED measurements was set to select a spatial region on the sample of 20 µm.
DFT calculations with spin-orbit interaction were performed using the Vienna ab-initio simulation package (VASP) [34] [35] [36] [37] within the projector augmented wave method [38] and the PBE functional [39] . The cutoff energy was set to 400 eV and the k-point grid spacing was < 0.02Å −1 . Band unfolding has been performed using the BandUP code [40, 41] (see supplementary materials for more details).
We present first a detailed XPS study of the Ir 4f core levels. Fig. 1 (a) and (b) shows a zoom on the Ir 4f 7/2 core-levels measured at different temperatures upon cooling and warming, respectively. A clear splitting occurs below T c1 , with a new peak appearing at 61.2 eV binding energy and corresponding to the Ir 4+ states (the peak at 60.6 eV binding energy is attributed to the Ir 3+ states). Across T c2 upon cooling ( Fig. 1 (a) ), the intensity ratio between the Ir 4+ and Ir 3+ peaks is reversed, and upon warming ( Fig. 1 (b) ), this intensity ratio changes further in a non-trivial way. In Fig. 1 (c) , the intensity ratio (area) Ir 4+ /(Ir 3+ +Ir 4+ ) is plotted as a function of temperature, when cooling from 298 K down to 30 K and then warming back to 298 K.
The Ir 4+ /(Ir 3+ +Ir 4+ ) intensity ratio measured by XPS has been interpreted as a measure of the density of Ir 4+ -Ir 4+ dimers in the different phases observed in IrTe 2 [17, 32] . On cooling, different stripe periodicities have been evidenced by STM and LEED at the surface of IrTe 2 [3, 12, 17, 30] . Below T c1 , a (5 × 1) phase with 2 dimerized Ir 4+ atoms, labelled D, and triple undimerized Ir atoms has been observed ( Fig. 1 (d) ), giving a Ir 4+ /(Ir 3+ +Ir 4+ ) ratio of 0.4 in good agreement with our XPS data just below T c1 (Fig. 1 (c) ). Across T c2 , the (5 × 1) phase gives way to a (8 × 1) phase with a Ir 4+ /(Ir 3+ +Ir 4+ ) ratio of 0.5, due to the presence of Ir 4+ dimers alternating with triple and single undimerized Ir atoms ( Fig. 1 (d) ). At even lower temperatures, recent STM and LEED studies [3, 12, 26, 30] , supported by DFT calculations, revealed a (6 × 1) phase with a Ir 4+ /(Ir 3+ +Ir 4+ ) ratio of 0.66 and concluded that it represents the low-temperature ground state at the surface of IrTe 2 . Indeed, below T c2 , the Ir 4+ /(Ir 3+ +Ir 4+ ) ratio increases progressively above 0.45 ( Fig. 1 (c) ), meaning that the (8 × 1) phase is gradually replaced by the (6 × 1) phase. At 30 K, the (6 × 1) phase dominates over the (8 × 1) phase, since the Ir 4+ /(Ir 3+ +Ir 4+ ) ratio reaches a value of 0.61, close to the maximum value of 0.66 expected for a pure (6 × 1) phase with 2 dimers over 6 Ir atoms (see Fig. 1 (d) ). Interestingly, when warming the sample above 110 K, this ratio increases to 0.65, indicating further changes in the (6 × 1) vs (8 × 1) phase ratio. This effect, although small, can be directly seen on the XPS spectra of Fig. 1 (b) , and will be addressed further below. In summary, upon cooling, the Ir 4+ /(Ir 3+ +Ir 4+ ) intensity ratio measured by XPS reveals that a sharp transition occurs across T c1 , but that the evolution below T c2 is continuous with temperature, as a consequence of coexistence of domains with different stripe periodicities.
We have also performed ARPES measurements as a function of temperature, to discriminate further the occurrence of difference phases in IrTe 2 . Figure 2 (a) shows its room-temperature Fermi surface (integrated over 0.05 eV around the Fermi level). At this photon energy, states close to the ALH plane are probed, in agreement with the literature [42] [43] [44] . The three-dimensional Brillouin zone and its surface projection are presented in Fig. 2 (b) . In Fig. 2 (c) , ARPES spectra taken at 295 K > T c1 , T c1 > 200 K >T c2 and 50 K <T c2 , along the AL direction are displayed, together with their curvature. Corresponding energy distribution curves (EDCs) integrated around A are shown in Fig. 2 (d) . At 295 K ( Fig. 2 (c) , left panels), the electronic bands are sharp and, by comparison with the literature [45, 46] , we can identify the presence of a bulk state B1 just below the Fermi level E F , a surface resonance SR dispersing around 0.5 eV binding energy on top of a bulk band B2, and an intense surface state SS at about 1 eV binding energy. All these features can be seen in the corresponding EDC ( Fig. 2 (d) ). When decreasing the temperature below T c1 , the electronic bands become intricate due to the new translational symmetry of the charge-ordered phases and their mixed orientations [3] . One distinguishes a multitude of folded bands (see Fig. 2 (c) center and right panels), especially, in the binding energy range between E F and 2.0 eV. At 200 K, in the (5 × 1) phase, the surface state is split into two states. This is more obvious in the EDC (light blue curve) in Fig. 2 (d) . We attribute the surface state positioned at 1 eV binding energy (labelled SS 3) as originating from the undimerized triple Ir atoms, since it lies at the same energy as the surface state of the RT (1 × 1) phase, for which there are only undimerized atoms. The intense second surface state (labelled SS D) is shifted to about 1.3 eV binding energy and we attribute it to the dimerized Ir atoms. At 50 K, in the (6×1)-dominated phase (see right panels in Fig. 2 (c) and orange EDC in Fig. 2 (d) ), we identify a further split sur-face state at about 1.2 eV binding energy and attribute it to the single isolated Ir atom (SS 1) present only in the (8 × 1) and (6 × 1) phases (see Fig. 1 (d) ). Additionally, the SS D surface state shifts further to higher binding energies. To support our interpretation, we have performed DFT calculations on a slab geometry for the different surface phases (see Supplementary Material for details). The shift in binding energy of the surface state in the (5×1) and (6×1) phases (with respect to the (1×1) case) is plotted on Fig. 2 (f) as blue and orange dashed lines, respectively, showing a very good agreement with experimental data.
Based on these observations, we consider the energy of the surface state at the highest binding energy as a marker of the phase and stripe periodicities. EDCs at different temperatures are shown in Fig. 2 (e) upon cooling (left) and warming (right) the sample. Interestingly, they exhibit a shift in energy and can be collected in different groups upon cooling, but do not show many changes upon warming. We have fitted them in the displayed energy range with a single Gaussian. The resulting surface state energy position is displayed on Fig. 2 (f) (full symbols) as a function of temperature. Three different sharp transitions can be observed upon cooling and, by comparison with the XPS data ( Fig. 1 (c) ), we identify the transition at T c1 into the (5 × 1) phase, at T c2 the transition into the (8 × 1) phase and at T c3 = 165 K the transition into the (6×1) phase. All of them are expected to be first-order transitions, but surprisingly, we do not observe the distinct hysteresis of the (8 × 1) and (6 × 1) phases upon warming up to 240 K. To investigate in more details possible changes in the stripe phases upon warming, we have performed µLEED measurements on IrTe 2 . Line cuts through the LEED images are shown in Fig. 3 (a) revealing the surface (1 × 1) diffraction spots and the superstructure spots corresponding to different structural phases obtained at different temperatures. In each case, only a single phase was present within the selected real-space region. IrTe 2 has then been measured continuously with µLEED while heating the sample, starting from the (6 × 1)-dominated phase at about 160 K. The evolution of the contribution of the (6 × 1), (8 × 1) and (5 × 1) spots to the LEED images is shown in Fig. 3 (b) . From the lowest temperature of 160 K the (6 × 1) phase remains the only phase visible until 230 K when the system transforms abruptly to the (8 × 1) phase. The (8 × 1) phase persists up to 280 K and then disappears, transiently giving way to the (5 × 1) phase, before the (1 × 1) phase sets in again.
We can now complete the phase diagram of Fig. 2 (f) with the µLEED results [47] (red dashed line) and obtain the full picture of phase transitions occurring at the surface of IrTe 2 , in very good agreement with previous LEED and STM works [3, 12, 26, 30] . In particular, we observe that the surface (6 × 1) phase appears at T c3 = 165 K upon cooling and then persists up to 230 K upon warming. Therefore, with our combined XPS, ARPES and µLEED study, we clearly reveal the hysteresis of the (6 × 1), (8 × 1) and (5 × 1) phases over the cooling/warming cycle. This also gives further support to the occurrence of a harmless devil's staircase in IrTe 2 [12] , because it involves a sequence of first-order transitions between commensurate phases of nearly degenerate energies and of different stripe periodicities.
In addition to this, there is still a puzzling observation based on our XPS data (see Fig. 1 (c) ): upon warming, at about 110 K, the Ir 4+ /(Ir 3+ +Ir 4+ ) ratio jumps from a value of 0.61 to 0.65, indicating that the proportion of the (6×1) phase increases to nearly 100% at this temperature, in comparison to the situation at 30 K, for which about 30% of the surface is still populated by (8 × 1) domains. The phase change at 110 K occurs without any shift of the related surface state energy ( Fig. 2 (f) ), meaning that there is no significant concomitant structural change in the dominating (6 × 1) phase. Therefore we conclude that, upon warming above 110 K, the surface of IrTe 2 gains sufficient thermal energy to allow the minority (8 × 1) domains to overcome the kinetic energy barrier to transit into (6 × 1) domains [12] . This suggests that temperature cycling around 110 K might be an efficient way to prepare a full surface (6 × 1) phase in IrTe 2 . However, this complete transition to the (6 × 1) phase still contains incoherent domains of different orientations that result in broad ARPES spectra (not shown here).
An alternative explanation is that the subsurface IrTe 2 layers might transit from the bulk (8 × 1) phase and lockin to the surface (6×1) phase. XPS at a photon energy of 200 eV probes electronic states deeper in the sample than ARPES at 21.22 eV. Assuming a subsurface domain reorganization, it is interesting to note that there are hints of a weak transition occurring upon warming around 230 K in transport data from the literature [17, 18, 48] , the temperature at which the (6 × 1) phase disappears in our data (see Fig. 3 (b) ).
In this work, we have studied the surface electronic structure of IrTe 2 with ARPES and XPS and have performed a detailed and systematic temperature dependent analysis across its charge-ordered phases. A new first-order transition at 165 K between the (8 × 1) and (6 × 1) phases is revealed, supporting the realization of a harmless devil's staircase. Our work emphasizes the difference between the bulk and surface of IrTe 2 and demonstrates the importance of the low dimensional environment of the surface in stabilizing charge ordered phases. This naturally stimulates more studies on thin samples and, ultimately, on a monolayer of IrTe 2 . The electronic structure of IrTe 2 was modeled by calculating the band structure for a 4-layer slab structures for the pristine room temperature (RT) phase [1] , for the (5 × 1 × 5) reconstruction and for an interpolated evolution between the RT-pristine and the (6 × 1 × 6) reconstruction. We have taken the strucural parameters of IrTe 2 (5 × 1 × 5) and have assumed that the structural parameters in the IrTe 2 (6 × 1 × 6) phase are the same as in IrTe (2−x) Se x (x = 0.4) as in Ref. [2] .
In that respect, it is important to recall that the dimer bond length L dim displays a significant variation as a function of temperature. Pascut et al. inferred L dim = 3.119Å and 3.099Å for the (5 × 1 × 5) and for the (8 × 1 × 8) bulk phases, respectively, and proposed a value of L dim = 3.005Å (confirmed experimentally in the STM study of Hsu et al. [3] ) for a DFT-calculated (6 × 1 × 6) reconstruction [2] . The overall picture is that the Ir dimer bond length decreases across the different phases. So it is very likely that the increase of the binding energy of the surface state SS D is due to a shortening of the Ir dimer bonds. To check this idea, an interpolation parameter λ was introduced, with values λ = 0.0 and λ = 1.0 corresponding to the RT surface phase and the surface (6 × 1) reconstruction, respectively. To have a controlled interpolation of the structural parameters (lattice parameters and atom positions, as well as dimer length), structural relaxation was not considered. For comparison with experimental ARPES data, the surface (6 × 1) band structures were unfolded to a corresponding (1 × 1) reciprocal cell.
We have performed DFT calculations for a 4-layer slab in the (1 × 1) phase using the atomic structure proposed in Ref. [2] , see Fig. SM1 (b) , in order to understand how the energy position of the surface state (SS) is influenced by the Ir 4+ -Ir 4+ dimer bond length [2] . The surface state is very well reproduced at 1.0 eV binding energy in comparison to the experiment at RT Fig. SM1 (a) . The resulting band structure becomes very complicated, because of the multiplicity of the bands in the slab geometry and the (5 × 1) phase, see Fig. SM1 (c) . Therefore, to simplify and isolate the main effect of this dimerization, we have interpolated the atomic structure between the non-dimerized and fully dimerized unit cells. The parameter λ quantifies this continuous interpolation, with λ = 0 meaning no dimerization and λ = 1 meaning the fully dimerized (6 × 1) phase. Fig. SM1 (d )-(f) shows the corresponding DFT band structure for λ = 0.4 along theΓM direction. In comparison to the calculations of Fig. SM1 (b) , all bands are duplicated 4 times due to the 4 layers of the slab. In Fig. SM1 (d) , at an intermediate dimerization (λ = 0.4), bands become back-folded to the original Brillouin zone and the unfolded band structure displays blurred bands. However, the surface state is still recognizable and shifts to higher binding energy (see red arrows). We have performed such calculations for λ up to 1 and tracked the energy position of the surface state. The resulting values for the surface state (SS), shown in Fig. 2 (f) of the main text, compare very well with the ex-perimental data. In particular, it reproduces the shift in the surface state (SS) as a function of the dimer increase for the (5 × 1) reconstruction and the fully dimerized (6 × 1) phase.
